A simple new assay was designed for lipoxygenase inhibitors. This assay was used to find the novel lipoxygenase inhibitor, tetrapetalone A (1). Tetrapetalone A (1), C 26 H 33 NO 7 , was isolated from Streptomyces sp. USF-4727 strain. Its planar structure was determined by spectroscopic evidence and by methylating with diazomethane to show the presence of a novel tetracyclic skeleton and a -D-rhodinosyl moiety. The stereochemistry of 1 was investigated by the coupling constant in the 1 H-NMR spectrum, NOE correlations, modified Mosher's method and derivation. We have reported the structural elucidation of 1 in our previous paper. However, further investigation gave another structure for 1, which is described in this paper. Tetrapetalone A showed similar inhibitory activity against soybean lipoxygenase to the two well-known lipoxygenase inhibitors, kojic acid and NDGA, while methylated tetrapetalone A (2) showed little inhibitory activity, even at a concentration of 1 mM.
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Human lipoxygenase and cyclooxygenase catalyze the first step in the arachidonic acid pathway. The resulting leukotrienes, lipoxins and prostaglandins are important classes of signaling molecules that may be involved in a variety of human diseases. [1] [2] [3] Soybean lipoxygenase (SBL) catalyzes linoleic acid, arachidonic acid and other unsaturated fatty acids. In the case of arachidonic acid as a substrate, SBL shows 15-lipoxygenase activity. Nordihydroguaiareic acid (NDGA), a natural product, inhibits the activity of SBL, human lipoxygenase and cyclooxygenase. 4) There is thus a possibility that the SBL inhibitor would inhibit human lipoxygenase and cyclooxygenase.
We have previously studied lipoxygenase inhibitors from soil Streptomyces sp. strains by using a well-known SBL assay. 5, 6) In our previous study, we have already reported a new antimycin derivative as a lipoxygenase inhibitor. 7) We have recently designed a simple new screening assay for SBL inhibitors on the basis of the report by Anthon et al., 8) in which they presented a method for the evaluation of vegetable lipoxygenase activity by using color dye formation. 9) In our screening test, we identified that a strain Streptomyces sp. USF-4727 indicated lipoxygenase inhibitory activity, and isolated the novel lipoxygenase inhibitor, tetrapetalone A (1), from a culture broth of that strain. We have reported the structural elucidation of 1 in our previous paper. 10) Further investigation, however, gave us a revised structure for 1, including its absolute stereochemistry. We describe in this paper in detail the evaluation of our new screening assay, the cultivation of the strain Streptomyces sp. USF-4727, the isolation and the structural elucidation of 1, and its inhibitory activity.
Materials and Methods
Chemicals. SBL (type I), linoleic acid, 3-methyl-2-benzothiazolinone (MBTH) and NDGA were obtained from Sigma Chemical Co. Kojic acid and 3-dimethyl-aminobenzoic acid (DMAB) were purchased from Tokyo Kasei Kogyo Co., while 2,6-diaminopimelic acid (DAP) and the other chemicals used were purchased from Wako Pure Chemical Ind.
Instruments. Spectroscopic measurements were taken with the following instruments: NMR, Jeol Alpha-400 and Bruker Avance 500 spectrometers (tetramethylsilane as an internal reference at 0 ppm for 1 H-and 13 C-NMR, and 15 NH 4 NO 3 in a DMSO-d 6 solution as an external reference at 0 ppm for 15 N-NMR); FAB-MS, Jeol JMS-700; UV and visible spectra, Shimadzu UV-160A spectrometer; melting point, Yanagimoto MP-J3; and IR, Jasco FT/IR-550.
Analysis of the whole-cell hydrolysate. The dried mycelial cake of USF-4727 was treated with 6 N-HCl at 110 C for 16 hr. After eliminating the hydrochloride by evaporation, the hydrolysate was developed by paper chromatography with the solvent, MeOH/H 2 O/pyridine/10 N-HCl = 80/17.5/10/2.5. The spots were visualized by the ninhydrin reaction and compared with the spots derived from authentic LL-and meso-2,6-diaminopimelic acid (DAP).
SBL screening assay. Two assay solutions (A and B) and a linoleic acid solution were prepared in advance. Solution A was 20 mM DMAB in a 100 mM borate buffer at pH 9.0. Solution B was a mixture of 10 mM MBTH (0.8 ml), hemoglobin (5 mg/ml, 0.8 ml) and a 50 mM phosphate buffer at pH 5.0 (38.4 ml). A linoleic acid solution was prepared by mixing 140 mg of linoleic acid and 280 mg of Tween 20 in 5 ml of water and then adding 0.6 ml of 1 N-NaOH. After diluting to a final volume of 20 ml, the solution was divided into 1-ml aliquots which were flushed with nitrogen gas and stored at À80 C. In the standard assay, the sample in MeOH (20 l) and solution A (910 l) were mixed in a test tube. A control test was done with the same volume of MeOH instead of the sample MeOH solution. In the screening test, the culture filtrate (300 l) was subjected to the test, and a medium (300 l) was used as the control test. An enzyme solution (1000 units in 20 l of a 100 mM borate buffer) was added to the sample solution in a test tube, and preincubation was carried out for 5 minutes at room temperature. After this preincubation, 50 l of a linoleic acid solution was added as a substrate to start the SBL reaction, and, 5 minutes later, 1 ml of solution B was added to start the color formation. Further 5 minutes later, 1 ml of a 1% SDS solution was added to terminate the reaction. The absorbance at 598 nm was compared with that in the control test.
Cultivation of Streptomyces sp. USF-4727 strain and isolation of tetrapetalone A. The USF-4727 strain was inoculated into 800 ml of a medium composed of 0.4% glucose, 0.4% yeast extract and 1.0% malt extract at pH 7.3 in a 2-liter Erlenmeyer flask and cultivated at 30 C for 10 days on a rotary shaker (130 rpm). The culture filtrate (7.2 liter) was applied to a Diaion HP-20 (1 kg) column. After washing with 2 liter of water, the crude extract was eluted with 2 liter of MeOH and 2 liter of acetone. The MeOH and acetone eluates were mixed and evaporated under reduced pressure, before being applied to a silica gel column (Wakogel C-200, 50 g) eluted with an n-hexane-acetone system. The fractions from nhexane/acetone = 50/50 to 100% acetone showed inhibitory activity, and these fractions were applied to the silica gel column again with the same system. The active eluate was charged into a Sephadex LH-20 (MeOH) column to give a crude oil. This oil was further purified by a silica gel column (Wakogel C-300, 32 g) eluted with n-hexane/acetone = 45/55 to give a crude powder. This powder was finally recrystallized from the n-hexane-acetone system to yield 20 mg of tetrapetalone A (1). Table 1 .
Reaction of tetrapetalone A (1) with diazomethane. An ethereal diazomethane solution was slowly added to a MeOH solution (5 ml) of 1 (40 mg) until the color changed to yellow at room temperature. After evaporating under reduced pressure, crude methylated tetrapetalone A (tetrapetalone A-Me, 2) was purified by silica gel column chromatography, eluting with a n-hexaneEtOAc system, to give a crude crystal. Finally, 2 was recrystallized from the n-hexane-acetone system (25 mg). 0 -O-(S)-MTPA ester of 2. Tetrapetalone A-Me (2) (2.5 mg), DMAP (8.8 mg), triethylamine (3.7 l) and (R)-(À)-MTPACl (6.7 l) were mixed in CH 2 Cl 2 (0.8 ml) and incubated at room temperature for 19 hr. The reactant was purified by silica gel column chromatography. After washing with CH 2 Cl 2 , the crude (S)-MTPA ester was eluted with EtOAc. The eluate was evaporated and then subjected to preparative HPLC (70% CH 3 CN/10 mM phosphate buffer at pH 2.6, Capcell Pak C18 SG120, 15 Â 250 mm, UV 254 nm) to give the 4 
mg). FAB-MS [M + H]
þ , m=z Aglycon of 2 (4). One ml of 6 N-HCl was added to a MeOH solution (10 ml) of 2 (50 mg) and incubated at room temperature for 1 hr. After neutralizing with 1 NNaOH, the reactant was adsorbed to HP-20 (100 g). The HP-20 column was washed with water, and the aglycon of 2 (4, 40 mg) was then eluted by MeOH. Further purification of 4 (20 mg) was done by preparative HPLC (30% CH 3 CN/10 mM phosphate buffer (pH 2.6), Capcell Pak C18 SG120, 15 Â 250 mm, UV 254 nm) to give pure 4 (8 mg 
Result and Discussion
We designed a new screening assay for SBL activity. This assay method is simpler than the authentic conjugated diene method, 5, 6) enabling the activity of 10 samples to be assessed in 20 minutes.
In our screening test, we assessed about 300 actinomycetes strains that had been isolated from soil samples and found that the culture filtrate of strain USF-4727 showed inhibitory activity against SBL. This strain was isolated from a soil sample from Yada (Shizuoka City, Japan). An analysis of the whole-cell hydrolysate of this strain showed the presence of LL-diaminopimelic acid. This result and morphological evidence enabled us to confirm that strain USF-4727 belonged to Streptomyces sp.
Strain USF-4727 was inoculated into the medium and cultivated on a rotary shaker. We then obtained 1 as an * , ** The assignment was made by NOE correlations: 16-H/17, 18-H and 16-H/5-H. SBL inhibitor from the culture broth of this strain according to the procedure described in the Materials and Methods section.
Tetrapetalone A was obtained as a pale yellow amorphous powder. The HRFAB-MS data gave the molecular formula, C 26 H 33 NO 7 , for 1, and the IR spectrum showed the existence of ketone and hydroxy groups. In the structural elucidation of 1, two fragments were derived from the results of the 1 H-, 13 C-NMR and DEPT spectra and 1 H-1 H COSY and HMQC spectral data in CD 3 OD. One was a fragment from C-5 to C-9 with two methyl groups (C-19 and 20). The other fragment was an ethyl group of C-17 and C-18. These two fragments and an ; -unsaturated carbonyl group (C-1 to 3) with a branched methyl (C-16) were connected by the 1 H-13 C HMBC spectral data to construct partial structure A (Fig. 2) . In addition, 2D-INADEQUATE data indicated the presence of two other partial structures (B and C, Fig. 3 ). These three partial structures were combined into partial structure D from the results of 2D-INADEQUATE and 1 H-13 C HMBC spectra (Fig. 4) . At this stage, we could connect all the carbon atoms in 1 as shown in Fig. 4 . The assignment of the oxygen atoms, a nitrogen atom and exchangeable protons was made as described next.
To elucidate the acidic proton, we treated 1 with diazomethane to afford tetrapetalone A-Me (2, C 27 H 35 NO 7 ). In the 1 H-13 C HMBC spectrum of 2, a cross-peak between the methyl proton ( H : 4.21), introduced by the treatment of 1 with diazomethane, and C-3 was observed. Furthermore, the carbon (C-3) also had a cross-peak with 5-, 16-and 17-H (Fig. 5) . This result indicates that 2 had a methoxy group introduced at C-3. It was consequently shown that 1 possessed an OH group at C-3 in partial structure D. To elucidate the exchangeable protons, we used DMSO-d 6 as a solvent for NMR measurement. In the 1 H-NMR spectrum of 1 with this solvent, two additional broad signals at 4.4 and 6.3 ppm were observed. In the 1 H-1 H COSY spectrum, the hydroxy proton signal ( H : 4.4) had a cross-peak with 4 0 -H. On the other hand, the OH or NH signal at 6.3 ppm showed a cross-peak with C-7 and C-15 in the 1 H-13 C HMBC spectrum, respectively. These results suggest that the OH group ( H : 4.4) was connected to C-4 0 , and the OH or NH group ( H : 6.3) to C-15.
The 1 H-15 N HMBC spectrum 11, 12) was measured to enable the assignment of a nitrogen atom. In this spectrum of 1 (in CD 3 OD), long-range coupling from 13-H and 17-H to a nitrogen atom ( N : 123.0) was observed, indicating that these two protons should be two or three bonds apart from this nitrogen. In addition, this nitrogen atom was assigned to an amide nitrogen due to its chemical shift ( N : 123.0). On the bases of these results and the molecular formula (C 26 H 33 NO 7 ), we connected this nitrogen atom to C-1, C-4 and C-14, constructing an amide bond with C-1. The proton at 6.3 ppm in DMSO-d 6 was then assigned to 15-OH. We could therefore establish the planar structure of 1 shown in Fig. 6 . A summary of the 1 H-and 13 C-NMR spectral data and 2D-INADEQUATE data for tetrapetalone A (1) is shown in Table 1 .
The relative stereochemistry of the 2-methyltetrahydropyran moiety derived from partial structure B is consistent with that of -rhodinose on the basis of the chemical shift and coupling constant [13] [14] [15] of C-1 0 to C-6 0 and 1 0 -H to 6 0 -H. An NOE correlation for 1 0 -H and 5 0 -H supports this stereochemistry (Fig. 7) . The absolute stereochemistry of this ring was determined by the modified Mosher's method. 16 0 to be of R configuration, enabling all the absolute stereochemistry of this moiety to be assigned as shown Fig. 1 . This stereochemistry is consistent with that of -D-rhodinose.
Tetrapetalone A-Me2 (3, C 28 H 37 NO 7 ), obtained by the reaction of 1 with CH 3 I/Ag 2 O, was used to investigate the stereochemistry of the tetracyclic skeleton. The chemical structure of 3 was elucidated by the spectroscopic method. The 1D and 2D NMR spectra and its molecular formula suggested that 3 had two additional methyl groups, 15-O-CH 3 and 2-CH 3 , compared with 1. In the NOESY spectrum of 3, we observed a cross-peak between 7-H and 9-H, indicating these two protons to be of syn configuration. An NOE correlation was then identified from the olefinic methyl proton (19-H) to 8-H with high intensity, and a very weak correlation was observed from 19-H to 20-H. These results allowed the relative stereochemistry of these protons to be assigned as shown in Fig. 8 . The large coupling constant, 7-H/8-H (10.0 Hz) and 8-H/9-H (10.0 Hz), in the 1 H-NMR spectrum indicated the dihedral angle for 7-H/8-H and 8-H/9-H to respectively be nearly 180 degrees (Fig. 8) . Furthermore we identified a NOESY correlation between 7-H and 17-H, revealing the ethyl group at C-4 to be of syn configuration with 7-H (Fig. 8) . Another cross-peak was found between 15-O-CH 3 and 9-H in the NOESY spectrum, indicating that 15-O-CH 3 and 9-H formed a syn configuration (Fig. 8) . We could then estimate the relative stereochemistry of all asymmetric carbons in the tetracyclic skeleton.
The absolute stereochemistry of this skeleton was determined by the modified Mosher's method. 16 ) Acid hydrolysis of 2 resulted in an aglycon of 2 (4). Treating 4 with MTPACls yielded the 9-O-(S) and 9-O-(R)-MTPA esters of 4. In these esters, the Á values ( S -R ) of 11-and 13-H in the 1 H-NMR spectrum were positive, while 5-, 7-, 8-, 9-, 19-and 20-H showed negative values, indicating a 9S configuration. This absolute stereochemistry of C-9 and the relative stereochemistry of other asymmetric carbons enabled us to estimate the absolute stereochemistry of 3. Since the stereochemistry of 1 was considered to be preserved, even after its conversion into 3, we could propose the absolute stereochemistry of 1 in addition to its planar structure as that shown in Fig. 1 .
In our previous report, 10) we proposed a chemical structure of 1 that depended on the presence of an amide proton ( H : 6.3 in DMSO-d 6 ). This proposed structure incorporated an amide bond formed by the nitrogen at C-15 and the carbonyl at C-1. The 1 H-15 N HMBC technique, 11, 12) however, gave a new tetracyclic skeleton with 15-OH ( H : 6.3 in DMSO-d 6 ) and an amide bond formed by nitrogen at C-4, 14 and the carbonyl at C-1. It should be noted that this is the first report of a compound with this skeleton. We then investigated the stereochemistry of 1 with this new tetracyclic skeleton by a detailed elucidation of the NOE spectrum and the coupling constant in the 1 H-NMR spectrum, and then estimated the stereochemistry of C-4 and C-15, in addition to the six asymmetric carbons discussed in the previous paper, 10) and also revised the stereochemistry of C-8 in this study.
The inhibitory activity of 1, 2, kojic acid and NDGA against soybean lipoxygenase by our assay is shown in Fig. 9 . The latter two compounds are well-known lipoxygenase inhibitors and showed concentration-dependent inhibitory activity. The IC 50 value of 1 was 460 M, while kojic acid and NDGA inhibited this enzyme with IC 50 values of 280 M and 190 M, respectively. Finally, the inhibitory activity of these compounds was confirmed by the authentic conjugated diene method 5, 6) (Table 2 ), and they likewise showed inhibitory activity, although some difference in the activity was apparent between these two assays. Tetrapetalone A indicated inhibitory activity as high as that of kojic acid and NDGA in both assays. On the other hand, 2 showed little inhibitory activity against SBL, even at a dose of 1 mM (Table 2 , Fig. 9 ). Consequently, we consider that an OH group at C-3 might have contributed to this activity.
